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Photon-Assisted Tunneling in Electron Pumps
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We measure photon-assisted tunneling in 4- and 6-junction electron pumps at photon frequencies up
to 60 GHz. We determine the microwave voltage at the pumps using noise thermometry. The standard
theory of leakage in the electron pump, modified to include photon-assisted tunneling, describes our
experiments well. From this test of theory we argue that, in the absence of external microwaves, photon-
assisted tunneling driven by 1/f noise is an important error mechanism in electron pumps.

PACS numbers: 73.40.Gk, 73.23.Hk, 85.30.Wx

Tunneling through ajunction with capacitance Cy is sup-
pressed if the single-electron charging energy e?/2Cy is
larger than the thermal energy kzT. Single-electron tun-
neling (SET) devices exploit this energy barrier to detect
and/or manipulate individual electrons [1]. One such de-
vice, the electron pump, consists of achain of metal islands
separated by tunnel junctions, with each island coupled ca-
pacitively to a gate electrode [see Fig. 1(a)]. One electron
is transferred through the device by pulsing the gate volt-
ages, to lower the energy barrier and thus allow tunneling,
at each junction in sequence. Although electron transfer
with an error of only 1 part in 10% has been demonstrated
in a 7-junction pump [2,3], thisis not nearly aslow as the-
ory predicts. Recent studies [3,4] show that theory agrees
with experiment at temperatures above 100 mK, where er-
rors due to unwanted thermally activated tunneling domi-
nate. However, between 100 and 30 mK the experimental
error rate is constant, while theory predicts it should drop
by orders of magnitude. Simple explanations of this dis-
crepancy in terms of uncertainty in pump parameters or
heating can be excluded because all parameters, includ-
ing the electron temperature in the pump, were measured.
Therefore, the discrepancy implies the presence of an im-
portant error process that is not included in the theory.

It has been well established that the electromagnetic en-
vironment seen by a junction influences tunneling rates
[1]. Standard SET theory includes the effects of zero-point
fluctuations and temperature in the environment, and has
been used to explain the stringent requirements for ob-
serving SET effects in single junctions. In multijunction
devices, zero-point fluctuations and temperature (if appro-
priate filters are used [5]) typically have negligible effects,
and thus the environment is commonly not included in
theoretical analyses of these devices. However, an en-
vironment containing a time-varying voltage source with
spectral components at frequencies corresponding to the
charging energy (typically ~10 GHz) will significantly in-
crease tunneling rates, because it will generate photons
of sufficient energy to overcome the charging energy bar-
rier. Based on this picture and the experimental results de-
scribed above, photon-assisted tunneling (PAT) has been
proposed as the source of the excess errors in electron
pumps [3]. There have been many studies of PAT [6],
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including some concerned specifically with SET devices,
both experimental [7] and theoretical [8]. These studies
considered systems of one or two junctions, usually biased
with avoltage, for which the current due to PAT appearson
top of abackground ~10~!> A dueto other tunneling pro-
cesses. Herewe report studies of multijunction pumpswith
no voltage bias and without the gate voltage pulses used to
pump electrons, for which the background tunneling rates
correspond to currents ~107'> A. This low background
alows us to investigate the regime of very rare errors that
is relevant for proposed applications of SET technology,
including a new fundamental capacitance standard based
on accurate counting of electrons [9]. We compare mea-
surements of pumpsin the presence of awell-characterized
microwave source with an extension of standard SET the-
ory that includes PAT. Based on our results, we propose
that (in the absence of applied microwaves) an important
error mechanism at low temperature is PAT drivenby 1/f
noise at microwave frequencies.

A general formalism for treating a multijunction device
in an environment containing an arbitrary voltage source
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FIG. 1. (a) Schematic of the microwave circuit and a
4-junction pump. The double-box symbols represent Al tunnel
junctions. The resistances comprising the 50 ) termination
ae R, = 34 Q, R, = 31.5 Q, R; = 0.5 Q, and Ry = 32 Q.
(b) Scanning electron microscope image of a chip showing
the coplanar waveguide termination (striped structure) and the
voltage taps to the pump and SQUID.
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has been described by Martinis and Nahum [5]. For atran-
sitioninvolving a particular junction j that takes the device
between initial and final states differing in electrostatic en-
ergy by AE;, the tunneling rate is

Fe(AEj) = f de P(S)Fo(AEJ - 8), (1)
where I'y(AE;) is the rate when environmental effects are
neglected, and P(e) is the probability for the emission
(e > 0) or absorption (¢ < 0) of energy ¢ by the device.
P(e) depends on the environmental impedance Z,(w) at
frequencies up to w ~ (¢2/2Cy)/A [1]. When Z,(w) <
h/e?, & <0,le|l > kgT, and in the limit of aweak source
(single-photon processes only), P(¢) is given by

a 2 E
P(s) = Tew )

where Sy (w) is the spectral density of the voltage across
the junction [5]. Thus, for any environment that produces
a voltage V (¢) across the junction, the probability of the
junction absorbing an energy fiw isdetermined by Sy (w).
If hw islarger than AE; for agiven transition, this energy
absorption will cause I'.(AE;) to be significantly larger
than I'o(AE;) for that transition. This process corresponds
to PAT.

In our experiments, we apply V(t) = Vo sin(wyt), cor-
responding to Sy (w) « §(w — wq), to a pump through
a coplanar waveguide and termination resistor as shown
in Fig. 1. The termination is composed of a AuPd layer
to provide 50 () of resistance and overlying Au stripes to
ensure heating is small and uniform. The lumped circuit
model in Fig. 1(a) is adequate, since the distance between
the voltage top and the pump is small (less than A/7 for
f < 60 GHz), and the capacitance to ground between the
tap and the pump is small. We fabricate and operate the
pumps using techniques described previously [2,10]. To
simplify the comparison with theory, we measure leakage
in the static hold mode rather than errors in the pumping
mode where the gates are pulsed. A leakage event changes
the charge on the stray capacitance C, = 22 pF of the
island between the pump and the electrometer by *e, and
this change is detected by the electrometer [2]. The leak-
age rate vy is the total number of such events (in either di-
rection) per unit time. Before measuring y, we adjust the
dc gate voltages to minimize the error rate while pumping
with Vy = 0 [10]. This compensates for random back-
ground charges that polarize the pump islands and fluctu-
ate over time scales of hours.

An accurate measurement of the microwave voltage at
the pump is essential for comparison with theory. The
power in the termination P, differs from the known
output power of the microwave generator P, by an at-
tenuation factor A that depends on frequency. We deter-
mine Py = Pout/A at each frequency by performing an
ac/dc substitution measurement in the termination. That
is, we find P by measuring heating in the termination

at ac using noise thermometry calibrated at dc. The heat-
ing is described by 73 = T3, + (Pou/A)/20, where T,
is the electron temperature, T, is the lattice temperature,
3, describes the electron-phonon coupling strength in the
material, and O is the termination volume [11]. We use a
SQUID amplifier to measure the Johnson noise, and thus
T., in the termination [12]. Separate temperature calibra-
tions determine 7,;, [13], and the termination dimensions
give ® = 4.1 X 10* wm?. From dc measurements where
A is known, we find 3 = 1.4 nW/(um?K>). We deter-
mine A at each frequency by fitting the heating equation
given above to the measured T, as a function of P, at
that frequency. We find good fitsto T, vs Pyy /A (an ex-
ample is shown in Fig. 2), demonstrating that our model
accurately describes heating in the termination. Thus at
any frequency we can determine the actual power in the
termination and, accounting for voltage division, the am-
plitude of the voltage across the pump V. Figure 2 shows
that heating is negligible over the range of Py, (arrows)
used to investigate PAT.

Typical PAT data from 4- and 6-junction pumps are
shown in Fig. 3. Two observations regarding these
measurements can be made immediately. First, y(f) at
fixed V; is flat at low frequency and increases sharply
at ~40 GHz. This threshold behavior is characteristic of
PAT. The fine structure in these curves is generaly not
repeatable and is probably due to small variations in the
background charges during the measurement. Second,
v(Vp) & f = 60 GHz isflat for small V, and approaches
y o« Vg at larger Vi. Although the threshold frequencies
are close to the expected values (see below), we must
consider the possible contribution of harmonics of the
applied frequency. We repeated our measurements with
0.3 m of stainless steel coax, which has a frequency-
dependent attenuation and acts as a low-pass filter, in-
serted into the microwave line at room temperature. With
the coax in place, we observe that the power required
to produce a given leakage rate is larger by an amount
equal to the attenuation of the coax at the fundamental
frequency. Thus, the fundamental, rather than harmonics,
is responsible for the observed effect.

Our theoretical calculations are based on a circuit model
in which all junctions have capacitance C; and resistance
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FIG. 2. Electron temperature as a function of power in the ter-
mination at 32 GHz. Thefilled circles are experimental data and
the solid lineis 73 = Ty, + (Pow/A)/20O with T, = 66 mK
and A = 48 dB. The arrows indicate the range of power used
while studying PAT.
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FIG. 3. Photon-assisted leakage for (&) 4-junction and
(b) 6-junction pumps in the hold mode. Main plots. y( f) for
fixed Vy. Insets: y(Vy) for f = 60 GHz. The filled circles are
experimenta data, the dashed lines are based on Eq. (3) alone,
and the solid lines include the background leakage rate y,,. The
measured parameters for (a) are R; = 460 k), C; = 0.20 fF,
Cena = 0.11fF, T, =67mK, and y, =048s'. The
measured parameters for (b) are R; = 670 kQ), C; = 0.20 fF,
Cona = 0.09 fF, T, = 67 mK, and y;, = 0.012 sl

R;, and all other capacitance is represented by a capacitor
Cgna from each island to ground [4]. This model accu-
rately describes the nonuniform distribution of V, along
the pump due to capacitive division. We determine R;
from current-voltage measurements and C; and Cg,gq from
“electron box” measurementsthat give the charging energy
of each junction [3]. In order to include processes involv-
ing multiple photons, which are not described by Eqg. (1),
we use a modified version of the procedure used in the
absence of radiation [4]. The modification consists of re-
placing the rate T\ (A E) for mth order cotunneling in the
absence of microwaves with

rm = Z J,%(evj/ﬁw)r(()m)(AE — nhow), (3)
where J, is the nth-order Bessel function, o is the mi-
crowave angular frequency, and V; is the average of the
microwave voltage amplitudes across the m junctions in-
volved in the process. Equation (3) exactly reproduces
previous results for single-junction processes [8] and gives
an estimate for higher-order processes that agrees with [5]
for m = 2 in the appropriate limit. The leakage rate y
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is found by considering al possible tunneling sequences
that result in one electron passing through the whole pump
[4], and we compare y + v, where vy, isthe background
rate measured in the absence of microwaves, with the mea-
sured y( f) and y(Vy). Although all parameters needed for
the cal culations are measured, the combined uncertainty in
the theoretical predictions is large. Therefore, we fit cal-
culations based on Eq. (3) to the experimental data using
two scaling factors, B¢ for capacitance and By for mi-
crowave voltage. That is, T, f, R;, and Cgna/C; arefixed
at their measured values, while the measured values of C;,
Cena, and V become BcCj, BcCand, and By Vy in the
calculations.

Figure 3 shows that our model fits both y( /) and y(Vy)
with a single set of parameters for each pump. The mea-
sured parameters are given in the figure captions, and the
scaling parameters are B¢ = 0.70 and By = 1.51 for
the 4-junction pump, and B¢ = 0.95 and By = 1.79 for
the 6-junction pump. From experimental uncertainties, we
expect to find B¢ = 1 = 0.25 and By = 1 £ 0.32 (with
~95% confidence). The actua values of B¢ are within or
near the expected range, while the actual values of By are
somewhat larger than expected. We attribute this to addi-
tional uncertainties involved in tuning the dc gate voltages
to cancel the background charges, which are assumed to
be zero in our calculations. Repeated measurements at
agiven f and V, over several weeks show that y varies
by as much as a factor of 2 from its average value, but
it is difficult to convert these variations into quantitative
uncertainties in B¢ and By. Nevertheless, our results
clearly demonstrate that the theoretical description of PAT
is essentialy correct.

We can identify the dominant PAT processes according
to theory. Our calculations revea that in both pumps the
leakage is due almost entirely to single-junction (m = 1)
processes. For the 4-junction pump at 60 GHz, the domi-
nant processes involve a single tunneling event that brings
the system over an energy barrier >/ w with the assistance
of two photons. In other words, Eq. (3) is dominated by a
term with m = 1 and n = 2. This explains y « Vg,
since J,(x) « x" for x < 1. For the 6-junction pump
at 60 GHz, the dominant processes involve two tunneling
events that each require a single photon. Both events are
dominated by termswithm = 1 andn = 1in Eq. (3). In
thiscase, y o Vj results because the leakage rate involves
the product of these two terms.

Our results show that an appropriate theory can accu-
rately predict the effect of PAT for a given pump and
photon source. In the absence of applied microwaves,
the leakage rate y, is much higher than predicted by the
standard theory that neglects PAT [4]: 10° and 10'! times
higher for the 4- and 6-junction pumps, respectively. It is
natural to ask whether this may be due to photons from a
background noise source. In particular, it is important to
estimate the effect of charge noise with a 1/f spectrum
since such noise is common in SET devices.
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In 2-junction SET electrometers with Al junctions, the
input voltage noise measured at low frequencies, typically
0.01 to 1000 Hz, generaly has the form Sy (f) = a/f
with @ ~ (100 nV)?. This noise is believed to arise from
an ensemble of charged defects moving among multiple
states [14]. Such defects are also present in pumps, and
since pumps and electrometers typically have similar ca-
pacitances, we expect that a comparable voltage noise ap-
pears across the pump junctions. We now make a key
assumption: that the 1/ spectrum extends to ~100 GHz,
so that it contains photons of sufficient energy to cause
errors in our devices. This assumption would be diffi-
cult to justify for defects in equilibrium with the pump
a 70 mK. However, because we observe that the low
frequency electrometer noise decreases for at least a few
weeks after cooldown [15], we believe that the defects are,
in fact, slowly relaxing and may have an effective tempera-
ture ~1 K or more. Although the standard equilibrium
model of an ensemble of two-level systems that combine
to give al/f spectrum [16] does not strictly apply in this
case, the actual spectrum is unlikely to be dramatically
different from 1/f. We note that direct measurements of
1/f noise are limited to frequencieswherethe 1/f noiseis
larger than the white noise floor of the measurement sys-
tem, whereas our measurement using the pump to “ detect”
the noise has no such limit.

We can evaluate the effect of the proposed 1/ f noise us-
ing Egs. (1) and (2). Taking Sy(e) = a(h/e) in Eq. (2),
and the zero temperature rate I'o(AE) = AE/e’R; in
Eqg. (1), we find I'.(AE) = ma/2R;AE (for single-
photon processes with AE < 0 and |AE| > kzT). We
then use this rate to calculate the 1/f leakage rate y; /s
using the technique described in [4] that accounts for all
possible tunneling sequences. When « is adjusted to give
yi/r = yb, We find a = (7.7 nV)? for the 4-junction
pump and a = (26 nV)? for the 6-junction pump. The
fact that these values are within about an order of magni-
tude of the values measured in SET electrometers supports
the hypothesis that 1/f noise persists to ~100 GHz and
causes the background leakage rate in our experiments.
We note that devices other than electron pumps, particu-
larly those requiring quantum coherence, such as the
single-Cooper-pair transistor that has been proposed as a
fundamental bit for quantum computing [17], may also
be limited by this noise. Unless methods for eliminating
1/f noise from these devices can be devised, predictions
of device performance should not neglect its effects.

In conclusion, we have measured photon-assisted
leakage rates in 4- and 6-junction pumps and compared

them with a theory that includes PAT. The theory matches
the measured leakage rate as a function of both frequency
and voltage with parameters that agree reasonably well
with measured values. The background leakage rate in the
absence of external microwaves is consistent with the
hypothesis that leakage is driven by 1/f noise due to
nonequilibrium fluctuating charges near the devices.

The authors acknowledge useful discussions about 1/f
noise with Neil Zimmerman.
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